Synergetic experimental and DFT insights of energy band structures and photogenerated rate-limiting reactive species are indispensable to design impurity-doped photocatalysts for photocatalytic environment remediation and solar fuels. Herein, despite the larger bandgap (Eg) of the Zn-doped BiOBr samples, they exhibited superior activity to BiOBr in the photocatalytic water splitting but impaired the photodegradation of Rhodamine B under visible-light illumination. Based on the spectral and electrochemical impedance characterisations and DFT simulations, the wider bandgaps of Zn-doped BiOBr samples were explicitly assigned to the more positive valence band maxima (VBM) and more negative conduction band minima (CBM). The enhanced photocatalytic water splitting on the Zn-doped BiOBr was arisen from the higher redox chemical potentials of charge carriers on respective CBM and VBM, suppressed back reactions and depressed recombination of photogenerated charge carriers. However, the reduced e − -h + recombination on the Zn-doped BiOBr cannot cancel the detrimental influences from the weaker light absorption and dye-sensitisation effects, leading to slower RhB photodegradation.
Introduction
The ever-increasing concerns of energy and environment sustainability have recently motivated great enthusiasm in the photocatalytic environment remediation and artificial photosynthesis that require the rational design of effective visible-light photocatalysts and the understanding of their working mechanism. The bismuth oxybromide (BiOBr) compound semiconductor has emerged recently as a stable and active visible-light photocatalyst with an indirect bandgap of 2.6-2.9 eV [1] [2] [3] . The BiOBr is of a tetragonal crystal structure, constructed by alternative stacks of [ ] slabs, there exist intrinsic built-in static electric fields. Such built-in electric fields were thought able to promote separation of photogenerated electrons (e ) and holes (h + ) across CBM and VBM [4] [5] [6] and to benefit their transportation to catalyst surface for participating redox reactions or to depress recombination otherwise [7] [8] [9] . In order to further modulate the bandstructure and promote surface photocatalysis of BiOBr, heteroatom doping [1, [10] [11] [12] [13] [14] [15] [16] [17] or surface hybridisation with small-bandgap semiconductors or metal nanoparticles [18] [19] [20] [21] were attempted successfully. Moreover, the heterogeneous photocatalysis usually involves multiple active species, including photogenerated charge carriers (e −1 and h + ) and derived reactive species, though their respective roles in the photocatalysis are under debating [10, 22] . For instance of photocatalytic dye degradation, the photoexcited dye can transfer e −1 or h + to CBM or VBM of the semiconductor photocatalysts, though the dye-sensitisation effects were not paid enough attention when assessing the performance of photocatalysts [8, 23] . Therefore, it is pivotal to unravel the relevance of photocatalysis with bandstructure and photogenerated reactive species for proposing a reasonable photocatalysis mechanism [24, 25] .
BiOBr with heteroatom is very convenient for practical applications [10, 19, 26, 27] because doping to BiOBr can occur even at ambient conditions. In comparison to partial substitution of Br or O via mono-or co-doping of Cl, I, N or S [10, 14] , the substitutions of Bi by metal are redeemed more flexible to tune the optoelectrical and catalytic properties of Bi-based oxyhalides (BiOX) [4, 10, 12, 13, 15, 28] . As for the roles of metal dopants, previous DFT simulations suggested transition metal or rare earth dopants (eg, Ti, Fe, Mn, Eu, etc) with unclosed d and f valance electrons can introduce midgap energy levels in the bandstructure of pristine bismuth oxyhalides (BiOX, X = Cl, Br, I) [5, 6, 29, 30] . However, Zn possesses closed 3d 10 and 4s 2 electronic states that are supposed to alter the bandstructure of BiOBr distinctive from other metallic dopants as mentioned above, so that particular attention was paid to Zn-doped BiOBr in this work. Although enhanced visible-light photodegradation of RhB was observed on the flower-like Zn-doped BiOBr, which was attributed to their large surface areas and enhanced e − -h + separation [16] , the results need further interpretation in terms of the charge carriers or active species. Controversially, Zn-doped BiOBr (Zn-BiOBr) displayed lower activity in photodegradation of RhB and 2-chlorophenol than BiOBr, which was attributed to the dopant cations capture of photoelectrons based reactive hydroxyl radical ( % OH − ) [31] . Using the widely adopted semi-empirical electronegativity methods [3, 10, 27, 32, 33] , the latter research also illustrated the bandstructure of BiOBr and Zn-BiOBr with suitable CBMs and VBMs that enable dye decomposition and water splitting. These controversial results further motivated us to examine Zn-doping effects on the RhB photodegradation and water splitting.
Because the CBM and VBM are pivotal for interpreting photocatalytic dye degradation and solar fuels [34] , it is necessary to gain indepth insights of the Zn-doping effects on the bandstructures of BiOBr and Zn-doped BiOBr. The insights can be achieved by comparing the experimental bandstructures (from spectral and photoelectromistry characterisations) and those simulated using the state-of-the-art DFT code based on first principle theory [4] [5] [6] 28, 30] . Combined UV-vis spectral techniques, both the X-ray photoelectronic spectrum (XPS) and photoelectrochemical characterisations have been evidenced effective and reliable to analyse energy band positions (Mott-Schottky Impedance Spectra) and e − -h + separation efficiency (chronoamperometry) [8, 35] . Moreover, photocatalytic experiments using suitable radical scavengers allow to identify the rate-limit reactive species in photocatalysis [36] .
In this work, Zn-doped BiOBr samples were prepared and applied in photodegradation of RhB and water splitting. The pristine BiOBr and Zn-doped BiOBr with 1/8 and 1/16 fractions of Bi atoms substituted by Zn were comparatively characterised and simulated by DFT to gain explicit insights into Zn-doping effects. Using radical scavengers, the research also distinguished the effects of bandgap, reactive radicals and dye sensitisation on photocatalytic RhB degradation and water splitting.
Computational and experimental

Computational details
The electronic structures of typical BiOBr and xZn-BiOBr samples were simulated using DFT method implementing CASTEP 16.1 code [37] . The supercells of the primitive BiOBr cell were applied to build the Zn-doped BiOBr crystal models, where one Zn atom substitution of one Bi atom in the (2 × 2 × 1) and (2 × 2 × 2) supercells will create the respective original models of 1/8Zn-BiOBr (illustrated in Fig. 1 as an example) and 1/16Zn-BiOBr, corresponding to 1.04 and 2.08 atm% doping levels.
In the simulation, GGA-PBE exchange-correlation functional and norm-conserving pseudopotentials were used for geometry optimisation and electronic structure calculations, with considerations of the electron spin polarization. For the geometry optimisation using BFGS method, the energy cut-off for the plane wave expansion was set to be 750 eV, resulting in a convergence of total energy and residual force tolerance to be within 0.1 eV/atom and 2.0 × 10 −6 eV/angstrom, respectively. The k-point Monkhorst-Pack (MP) spacing of 0.125/Å was adopted when sampling in the first Brillouin zones for geometry optimisation of the primitive BiOBr and the Zn-doped BiOBr supercells, while the k-point MP spacing of 0.0125/Å was adopted for band structure and density of states (DOS) calculations. The band structures were calculated along the Monkhorst-Pack (MP) grid connecting the high-symmetry k-points of Z (0,0,0.5), A (0.5,0.5,0.5), M (0.5,0.5,0), Γ (0,0,0), Z (0,0,0.5), R (0,0.5,0.5), X (0,0.5,0) and Γ (0,0,0) in the kspace of the first Brilluoin zone, where the two Γ points were applied because the MP grid should be closed.
Preparation of the Zn-doped BiOBr photocatalysts and photoelectrodes
The Zn-doped BiOBr photocatalysts with varying Zn-doping levels (Zn x Bi (1-x) OBr, hereafter denoted as xZn-BiOBr, where x is the Zndoping level) were prepared via a simple co-precipitation method. Typically, under rigorous stirring, 20 mL KBr (0.2 M)/NaOH (0.2 M) mixed solution was poured into 20 mL 20% acetic acid aqueous solution containing calculated amount of Bi(NO 3 ) 3 and Zn(NO 3 ) 2 , where the Zn/ Bi/Br molar ratios of x:(1-x):1 were maintained for obtaining xZn-BiOBr samples. Upon mixing the above solutions, pale yellowish precipitates were observed immediately, and the systems' final pH was adjusted to 12.0 using 0.3 M NaOH solution. The resulting mixtures were stirring for 6 h and ageing overnight before filtration and washing thoroughly by deionised water (DI). The received wet gels were dried in oven under 60°C for 24 h to obtain the xZn-BiOBr photocatalysts.
The photoelectrodes of xZn-BiOBr photocatalysts were fabricated by doctor-blade coating of the photocatalyst pastes onto clean ITO/glass slices (1.5 cm × 1.5 cm, resistance of 15Ω/sq) which were pre-washed alternatively by absolute ethanol and DI water under ultrasonication (40 kHz, 5 min each). The pastes of the photocatalysts were prepared by mixing 0.1 g photocatalysts with 100 μL ethanol/water (3:1) solution. 10 μL of photocatalyst paste was dropped on the dry clean ITO/glass fixed on flat bench using scotch tape to expose 1 × 1.5 cm 2 area, and then slowly rolled a clean glass rod to cast the film. The casted films were then dried at 60 ℃ for 24 h before photoelectrochemistry tests.
Characterisations
All the X-ray diffraction data were collected from the Rigaku SmartLab X-ray diffractometer, using Cu-Kα1 radiation (λ = 0.154056 nm) and a scan rate of 0.05°2θ/s, to determine the crystal phases of the samples. The UV-vis diffuse reflectance spectra were obtained on Perkin Elmer Lambda 950 UV/Vis/NIR spectrophotometer equipped with a 150 mm snap-in integrating sphere for capturing diffuse and specular reflectance, where BaSO 4 was used as standard reflectance. The acquired lattice parameters and bandgap energies were listed in Table 1 .
X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific Escaplab 250 K-alpha photoelectron spectrometer using monochromatic Al-Kα radiation. Survey and Valence band spectra were collected in the range 0-1100 eV (binding energy) at pass energy of 160 eV. Peak positions were calibrated to carbon and fitted using CasaXPS software. The morphologies of the samples were measured on JSM59 SEM manufactured by JEOL on which Energy Dispersive X-Ray (EDX) analyser was installed to analyse the composition of specimens in question.
Photocatalytic degradation of RhB and water splitting
The photodegradation of Rhodamine B (RhB) on the as-prepared samples was performed at ambient temperature under visible-light irradiation. A 300 W Xe lamp equipped with a 400 nm cut-off filter to remove UV light was used as light source, irradiating atop with light intensity of 30 mW/cm 2 and 15 cm distance away from the beaker containing photocatalyst and RhB aqueous solution. In a typical photocatalysis experiment, 0.1 g of the photocatalyst powder was dispersed into 100 mL 20 ppm RhB aqueous solution. Before light irradiation, the mixed system was remained in dark for one hour to establish RhB adsorption-desorption equilibrium on catalyst surface. The initial concentration (C 0 ) was defined as the concentration of RhB upon adsorption-desorption equilibrium rather than the original concentration of RhB solution because the photocatalysis occurs on catalyst surface. In order to determine the temporal RhB concentration (C t ) at certain photo-reaction time (t) during photocatalysis, 4 mL liquid suspension was taken out every 3 min. and centrifuged under 6000 rmp to obtain supernatant solution for sampling by a UV-vis spectrophotometer (PerkinElmer Lampda 750 s). Since photodegradation of dilute RhB in the aqueous solution is a pseudo-first-order reaction, the apparent kinetic coefficient (k) can be calculated form using the equation below:
Radical scavenging experiments were conducted to identify the ratelimiting reactive species. Because ethylenediaminetetraacetic acid (EDTA), isopropanol (IPA) and p-benzoquinone (p-BQ) are effective scavengers with respective to h + at VBM, hydroxyl radical ( % OH) and superoxygen radical due to e − at CBM, they were mixed into RhB solution respectively to acquire corresponding photodegradation activities for comparing and assessing the contributions of photogenerated e − [38] and h + [39] at band edges into photodegradation.
The experiments of photocatalytic hydrogen from water splitting were carried out in the similar procedure presented in the previous report [35] . Briefly, 100 mg of as-prepared photocatalysts was taken into a homemade reactor containing 80 mL deionized water and 20 mL methanol, to which H 2 PtCl 6 ·6H 2 O (0.5 wt% to photocatalysts) was added as a co-catalyst. Before photocatalytic testing, the reactor and the entire gas circulating system were de-aerated using a vacuum pump for 30 min. All photocatalytic H 2 generation tests were under continuous illumination using an Autolight CEL-HXF300 xenon lamp (300 W, 100 mW/cm 2 ) equipped with optical cut-off filters to realize visible light irradiation. The photocatalytic H 2 production was determined using Agilent gas chromatography (GC, 7900) at the sampling interval of 60 min per test.
Photoelectrochemistry tests
Photoelectrochemistry measurements of the as-prepared BiOBr and Zn-doped BiOBr photoelectrodes were carried out at room temperature in a standard three-electrode cell using the AUTOLAB PGSTAT 302N equipped with FRA spectroscopy. The as-prepared film electrodes, a platinum disk and a saturated calomel electrode (SCE) were used as working electrodes, counter electrode and reference electrode, respectively. The electrolyte supporting solution was 100 mL 0.5 M Na 2 SO 4 solution with constant pH of 6.5. The Mott-Schottky (M-S) data were acquired at the optimised frequency of 3000 Hz in dark, with 10 mV/s scan rate and 10 mV AC amplitude. The acquired potentials were transformed to reversible hydrogen electrode scale (RHE) to pH of 0.
The quantitative analysis of M-S data to acquire flat band potential (V fb ) is based on the Mott-Schottky law from the plots of − C sc 2 versus the applied potential bias (V app ):
where C sc , A, N d , ε r and ε 0 are respective to the space capacitance, electrode area (1.0 cm 2 in this work), donor density, relative dielectric of semiconductor and vacuum dielectric, while the k B , T and e stand for the Boltzmann constant (1.38 × 10 −23 J/K), system absolute temperature (293 K here) and charge of electron (1.602 × 10 −19 C), respectively. Extrapolation linear M-S plot to potential bias axis leads to an interception potential (V extro , the corresponding charge energy of E extro =e•V extro ), while the slope of the M-S straight plot (k M-S ) is proportional inversely to the density of majority carriers (N d , e-and h + for n-type and p-type semiconductor, respectively) [40] . The acquired E extro can be manipulated by the following equations (the inferences were detailed in the ESI) to gain band edges in the RHE scale. Note: the DFT simulated lattice parameters, cell volume and bandgap (Eg) were listed in the lower rows of individual samples, while the experimental results were derived from XRD characterisations and UV-vis spectra, respectively.
The Eqs. (3)- (4) were applied to calibrate the potential contributions from temperature T (by
in Eq. (3)) and pH (by pH RT nF in Eq. (4)), where R, n and F represent the universal gas constant, the number of electrons involved in the electrode reaction and the Faraday constant, respectively. In the Eq. (5), 0.2 eV was applied because the CBM potential is typical 0.2 V more negative than flat-band for most n-type semiconductors [40, 41] . The Eg, E CBM and E VBM are bandgap, energy positions of CBM and VBM, respectively. The retrieved data of BiOBr and the Zn-doped BiOBr were listed in Table 2 .
The chronoamperometry tests (I-t plots) were recorded at light onoff cycle operation (on-off time interval of 20 s) at open circuit potentials (V OC ). The photocurrents acquired from Na 2 SO 4 electrolyte solution containing RhB were applied to assess the dye-sensitisation effects. The corresponding chronoamperometrical results were summarised in Table 3. 3. Result and discussion 3.1. Crystal structure and surface composition Fig. 2 presents the XRD data of the BiOBr and Zn-doped BiOBr samples, where all the characteristic diffraction peaks of the samples can be indexed to the tetragonal phase BiOBr (JCPDS 73-2061), without ZnO diffraction observed [11] . The gradual shifts of characteristic diffraction peaks suggest that Zn was incorporated into the BiOBr matrix and caused distortion of BiOBr lattice [11] , which agrees with the smaller inter-plane spacing distance as shown in the HRTEM image of 1/16Zn-BiOBr (Fig. S1) . The lattice parameters of BiOBr and Zn-doped BiOBr samples derived from XRD data are summarised in Table 1 , further revealing that the Zn-doping induces shrinking of lattice parameters and distorts crystal structure. The unit cell shrinkages of the Zndoped BiOBr samples can be assigned to the substitutions of larger Bi 3+ (1.03 Å) by smaller Zn 2+ cation (radius of 0.74 Å) [42] , which is in good agreement with DFT optimised geometric data and those of previous report [16] . X-ray photoemission spectroscopy (XPS) was applied to analyse the surface elementary composition, the chemistry environment and the electronic interaction of BiOBr and Zn-doped BiOBr samples. The XPS survey spectra and core level XPS (Figs. S2 and S3) indicate that the samples with designed chemical composition were successfully prepared, in good agreement with the composition data acquired by EDS spectra (Fig. S4) . Fig. 3(a-d) shows the fitted core level XPS spectra corresponding to the Bi 4f, O 1s, Br 3d and Zn 2p core electron binding energies, which evidences cationic Zn was incorporated into BiOBr and systematically altered elemental binding energies (B.E.). The attributions of the core level XPS were presented in the electronic supporting information (ESI, S3). More importantly, the significant and systematic red shifts of Bi, O, Br binding energies (Fig. 3a-c) are observed from the core-level XPS spectra of Zn-doped BiOBr, which are owing to the fact that Zn-dopant donated electrons to adjacent more electronegative Bi, O, Br atoms and thus enhanced their core electron densities. The redshifts of Br 3d binding energy may be partly arisen from the weakened Van (Fig. 3d) , as increasing Zn-doping levels, support the electron donation effects of Zndopant.
Optoelectronic properties
The UV-vis diffuse reflection absorbance spectra (UV-vis-DRS) and corresponding Tauc plots of the photocatalysts were presented in Fig. 4 to compare their light absorption properties and gain bandgap energies. In a broad wavelength region up to 600 nm, BiOBr exhibits stronger light absorption than Zn-doped BiOBr samples (Fig. 4a) , suggesting that the increase of Zn-doping level caused gradual blue-shifts of the absorbance edges. However, the significant drifts in the absorbance spectra in high wavelength, which are due to the hue and specular reflection of the samples, hindered deriving accurate bandgap energies. To overcome such spectral problem, the UV-vis-DRS spectra were Note: The bracketed numbers in E VBM∼RHE column were retrieved from VBM XPS spectra. The results suggest that Zn-doping broadens the bandgap of BiOBr. Although the Eg of our BiOBr is consistent with that of BiOBr samples prepared using CTAB-directed synthesis [31] , the influences of Zndoping on bandgaps of the samples in our work are different from those of the Zn-doped BiOBr nano-flowers synthesised by solvothermal method [16] . Their smaller bandgaps of Zn-BiOBr nanoflowers are presumably due to their hierarchical structure and their structural defects because reductive organic solvent was involved in that work [16] . The electronic structures of the materials were simulated implementing GGA-PBE exchange-correlation functional embedded in the CASTEP16.1 DFT code. As shown in Fig. 5 , the computed electronic band-structures of BiOBr and Zn-doped BiOBr samples are projected in the first Brillion zone. It should be noted the Fermi energy levels in Fig. 5 were set at the top of VBM for convenience. One can see that the electronic states at VBM and CBM of the Zn-doped BiOBr samples are less dispersive (smaller curvature) than those of BiOBr, suggesting their corresponding VBM h + and CBM e − are heavier and less active because the charge effective and mobility are directly proportional to the band wave curvature. In addition, the computed Eg values of the Zn-doped BiOBr samples are larger than that of BiOBr, in good consistence with experimental data (Table 1 ) [5, 6] , which concretely support the experimental findings that Zn-doping broadens bandgaps. In contrast, previous DFT research revealed that the metal-dopants with partially occupied d or f shells can narrow the bandgap of BiOBr due to the impurity-induced mid-gaps [4, 28] . No impurity mid-gaps are observed in the band gap regions of our Zn-BiOBr materials, because the electrons on closed 3d orbitals of Zn are not interactive enough to bring electronic states to bandgaps. Zn 3d 10 electrons are found mainly contributing to deeper bands, localising at ∼7 eV more positive (deeper) than VBM (Fig. S5) . The total electron density of states (DOS) and Zn partial DOS (PDOS), as shown in Fig. S6 , further confirming the negligible contributions of Zn 3d orbitals to bandgaps. Furthermore, the simulated CB and VB band edges suggest that the Zn-doping can alter the bandgap transition path of BiOBr (Fig. 5) . Within the first Brillion zone, the conduction band minima (CBMs) of the BiOBr and Zn-doped BiOBr samples all locate at Z points, whereas Zn-doping leads to valance band maxima (VBMs) gradually shift from R towards Z point that shortens the indirect transition path. The calculated optical transitions well match the transition features shown in the UV-vis spectra (Fig. 4b) : increasing Zn-doping levels decreases tangents (slopes) of the Tauc plots in bandgap zones.
The total DOS and PDOS of pristine and Zn-doped BiOBr materials (Fig. 6) further reveal the effects of Zn-doping on the band structure. As shown in Fig. 6a , the CB and CBM of BiOBr are predominated by Bi 6p state, while the VB and VBM are mainly occupied by Br 4p state with significant hybridisation with O 2p and Bi 6s electron states [5, 6] . In contrast, for the Zn-doped BiOBr (Figs. 6b and S5-6 ), the CBM of Zndoped BiOBr is dominated by Zn 4s electron states which are of stronger density and hybridise with the low-density Bi 6p state slightly above CBM. In addition, the Zn-doping changes the electronic density and components of the VB and VBM, exhibiting slightly lower density of Br 4p, O 2p and Bi 6s states than those of BiOBr.
The Zn-dopant also broadens VB width, which was evidenced experimentally by the broader VB XPS of Zn-doped BiOBr (Fig. 6d) . Comparing the XPS near to VBMs of the samples (Fig. 6d) , one can conclude that Zn-doping pushes the VBM to deeper energy level (more positive), namely higher oxidation potential of VB holes. By extrapolating the valence band edge of the VBM XPS, the VBM potentials are determined to be 2.05 eV, 2.25 eV and 2.31 eV for BiOBr, 1/16Zn-BiOBr and 1/8Zn-BiOBr, respectively. Since the XPS spectra were calibrated by C 1s XPS (E f of C is ∼0.3 eV vs RHE), VBM potentials can then be transferred to 2.35, 2.55 and 2.61 eV in RHE scale, agreeing with those from Mott-Schottky EIS measurements (Fig. 7) . In addition, compared to BiOBr, Zn-doped BiOBr samples show lower XPS intensity of their VBM edges, which is due to the Zn-dopant reducing electronic density of Br 3d, O 2p and Bi 6s states, as suggested by DOS results (Fig. 6a-c) . Fig. 7a shows the Mott-Schottky (M-S) plots of the BiOBr and Zndoped BiOBr photoanodes, where the positive slopes of the linear regions reveal they are n-type semiconductors [43] . The tangent gradients (k M-S ) of the M-S linear plots of the samples become greater as increasing Zn-doping levels (Table 2) , suggesting their VB electron donor density (N d ) drops because k M-S is inversely proportional to majority density (electron for n-type semiconductors) [44] . The results well agree with the computed bandstructures and DOS of the Zn-doped BiOBr samples, in which the flatter band edges suggest less dispersion of electrons (e -) or heavier h + occupy the VBMs [6] .
The E fb∼RHE , E CBM and E VBM of the samples, extracted from the M-S plots and referred to RHE scale, are listed in Table 2 . Accordingly, the energetic band diagrams of BiOBr and Zn-doped BiOBr samples can be drawn, as illustrated in Fig. 7b . One can see that increasing the Zndoping level of Zn-BiOBr samples raise their CBMs to higher levels (more negative) but push VBMs downwards (more positive), so as to broaden the bandgap (Eg). The acquired VBM potentials from M-S plots are consistent with those from VBM XPS, validating the M-S characterisation is an effective and reliable method to define the chemical potentials of VBM.
Photocatalytic water splitting and RhB decomposition
The band diagrams presented in Fig. 7b suggest the BiOBr and Zndoped BiOBr can photocatalyticalyse water splitting [45] . Experimentally, higher photocatalytic hydrogen evolution rate was acquired (Fig. 8a) on the 1/16Zn-BiOBr (∼29 μmol/g/h) with respect to BiOBr (∼13 μmol/g/h). Considering the weaker PL intensity of 1/ 16Zn-BiOBr (Fig. S7) than that of BiOBr, the enhanced water splitting on 1/16Zn-BiOBr can be assigned to the stronger redox ability (Fig. 7b) and the suppressed recombination of the photogenerated charge carriers. The hydrogen evolution results also suggest that the promoted photogenerated charge carriers cancelled the influences from weaker light adsorptions of Zn-BiOBr samples than BiOBr. Fig. 8b comparatively shows the apparent photocatalysis kinetics of visible-light-driven photodegradation of RhB on BiOBr and the Zndoped BiOBr samples. Since the samples displayed similar adsorptiondesorption equilibrium (Fig. S8 ) and thus almost identical specific surface areas (SSA), their apparent kinetic coefficients can be used to compare their microscopic kinetic behaviour. The derived apparent kinetic coefficients (k, Table 2) suggest the RhB photodegradation rate is dragged as Zn-doping levels increasing, which agrees with their apparent activity of RhB photodegradation (black lines in Fig. 8c and Fig.  S9) . Therefore, the stronger light adsorption of BiOBr seems responsible for its higher photocatalytic activity than that of the Zn-doped samples, though such interpretation cannot clarify the mechanistic responsibility of the dye-sensitisation and photoexcitons for the redox half reactions. 
Mechanism perspectives of photocatalysis in RhB photodegradation and H 2 evolution
It is a great challenge to unravel the photocatalytic mechanism in the aqueous photocatalytic system, because it contains multiple aqueous radical active species, in particular the hydroxyl radical (HO % , 1.99 eV vs RHE), H 2 O 2 (1.77 eV vs RHE) and superoxygen radicals ( % O 2 − , −0.046 eV vs RHE) [3] . The radicals possess strong redox power and can compete with e − and h + from excited photocatalysts or dye.
Comparing the redox potentials of the aqueous radicals with band edges of the photocatalysts ( Fig. 7 b and Table 2 ), redox potentials of LUMO and HOMO of the excited RhB and H + , the major elementary reactions involved in the photocatalytic reactions are proposed, as illustrated in Fig. 9 .
Mechanism interpretation of H2 evolution
From the chemical potential point of view, the bandstructure of BiOBr and Zn-BiOBr photocatalysts (Fig.7 and Fig. 9a) (Fig. 10a) is not effective to interpret water splitting because methanol wasn't used in the chronoamperometry tests. The enhanced photocatalytic H 2 evolution due to Zn-doping can be 
Mechanism interpretation of RhB photodegradation
For the energy downhill photodegradation of RhB, the competition of photoexcitons (e − -h + ) at band edges of photocatalysts with the relevant radical derivatives as well as the roles of dye photosensitisation can be defined from the critical analyses of the radical scavenger and chronoamperometry experiments.
RhB photosensitisation effects remains insufficiently quantified.
RhB dye photosensitisation effects
The dye photosensitisation effects on the RhB photocatalytic degradation over the BiOBr-based photocatalysts were evaluated by chronoamperometrical experiments at open circuit potentials (V OC ). Fig. 10 shows the acquired temporary photocurrent density against light on-off time (J-t plots) of the BiOBr-based photoelectrodes in 0.5 M Na 2 SO 4 electrolyte solutions without (Fig. 10a) and with (Fig. 10b) 20 ppm RhB (denoted as J PC and J RhB/PC , respectively). The photocurrent density can reflect the charges effectively separated and transferred at the photocatalysts surfaces. Apparently, the RhB photosensitisations dramatically promote the photocurrent density on all the BiOBr and Zn-doped BiOBr samples, with 57%-62% enhancements (ΔJ/J PC x100%). As listed in Table 3 , although the relative enhancement ratios are comparable as increasing Zn-doping levels, their quantified absolute photocurrent density enhancements (ΔJ) due to dye photosensitisation declines. The smaller enhancement of absolute photocurrent density on the Zn-BiOBr suggests Zn-doping weakens RhB photosensitisation effects, which is another crucial factor results in their lower photodegradation.
Conclusion
The Zn-doping effects on RhB photodegradation over Zn-doped BiOBr, synthesised via a simple alkaline co-precipitation method, were convincingly defined from the perspectives of potential energy and the reactive radical species through the comprehensive spectral, DFT and photoelectrochemical investigations on the crystal structure, optoelectronic properties and photoelectrocatalysis of pristine and Zn-doped BiOBr. Under visible-light illumination, the Zn-doping led to superior H 2 evolution activity of Zn-BiOBr to BiOBr but detrimental RhB photodegradation.
The experimental and DFT characterisations of BiOBr and Zn-doped BiOBr samples revealed that Zn-doping shrinks the lattice of BiOBr though Zn-doped BiOBr samples remain indirect optical transitions in their bandgap regions. Distinct from the doping effects of other metals of unclosed d or f outermost electron states, the Zn-doping in BiOBr broadens the bandgap by enhancing CBM and deepening VBM of BiOBr: The CBMs of Zn-doped BiOBr mainly compose of Zn 4s electron state with slight hybridisation with more negative Bi 6p state (which predominates the CBM of BiOBr), while the VBMs of Zn-doped BiOBr, composed of Br 3d, O 2p and Bi 6s states, are very similar to that of BiOBr except for the reduced density due to Zn-doping. Because the closed Zn 3d 10 electrons locate in deeper band, they exert negligible influences on the VBM of Zn-BiOBr smaples but the Zn-dopant donates electrons to the surrounding atoms as reflected by core level XPS characterisations.
In the methanol-sacrificial photocatalytic systems, the enhanced water splitting on Zn-BiOBr is here attributed to the more reactive charge carriers at band edges, the reduced back reaction of proton photo-reduction and the recombination of charge carriers on the 1/ 16Zn-doped BiOBr, which altogether contribute more than light absorption for H 2 evolution. In contrast, the rate-limiting reactive species are photogenerated holes on the BiOBr-based materials in spite of multiple reactive radicals involving in the complex dye photodegradation system. The detrimental RhB photodegradation activities on Zndoped BiOBr samples are convincingly attributed to Zn-doping that weakens light absorption, reduces dye-sensitisation effects and the density of surface photogenerated charge carriers.
